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Basal body duplication in Paramecium requires g-tubulin
F. Ruiz*, J. Beisson*, J. Rossier† and P. Dupuis-Williams†
First discovered in the fungus Aspergillus nidulans [1],
g-tubulin is a ubiquitous component of microtubule
organizing centres [2]. In centrosomes, g-tubulin has
been immunolocalized at the pericentriolar material,
suggesting a role in cytoplasmic microtubule nucleation
[3], as well as within the centriole core itself [4].
Although its function in the nucleation of the mitotic
spindle and of cytoplasmic interphasic microtubules has
been demonstrated in vitro [5,6] and in vivo [7–9], the
hypothesis that g-tubulin could intervene in centriole
assembly has never been experimentally addressed
because the mitotic arrest caused by the inactivation of
g-tubulin in vivo precludes any further phenotypic
analysis of putative centriole defects. The issue can be
addressed in the ciliate Paramecium, which is
characterized by numerous basal bodies that are similar
to centrioles but the biogenesis of which is not tightly
coupled to the nuclear division cycle. We demonstrate
that the inactivation of the Paramecium g-tubulin genes
leads to inhibition of basal body duplication.
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Results and discussion
The duplication of centrioles and basal bodies requires
both a process of microtubule nucleation and some sort of
pre-pattern to assure the nine-fold symmetry [10]. The
presence of γ-tubulin in basal bodies [11] and centrioles
[4,12,13] has been reported, but its eventual role in their
duplication has not been demonstrated. In ciliates, thou-
sands of ciliary basal bodies duplicate at each division
according to a precise spatio-temporal program [14]. The
permanent association of γ-tubulin with basal bodies in
Paramecium [15] suggested that it might play a role in this
process. To address this issue, we have exploited a recently
developed method for gene silencing in this organism [16].
Two different γ-tubulin genes, γ-PT1 and γ-PT2 (EMBL
database accession numbers AJ012329 and AJ012330,
respectively), were characterized; both are 1445
nucleotides long and interrupted by three short introns,
typical of Paramecium [17]. They are 95% identical and
encode proteins of 455 amino acids that differ at only
three positions. The two genes exhibit 75–82% similarity
with other γ-tubulin sequences (except for the very diver-
gent sequences of Caenorhabditis and Saccharomyces), con-
firming that they are typical γ-tubulins and that their
evolution obeys common functional constraints.
Gene-specific inactivation can be achieved in Paramecium
[16] by microinjection into the macronucleus of pure
coding sequence of the gene of interest at high copy
number, as previously demonstrated for several genes.
Microinjection of the coding sequences of either γ-PT1 or
γ-PT2 into the macronucleus of wild-type cells yielded
identical results: cell division arrest after two or three
divisions, then cell death. The transformed clones had a
reduced cell size and an abnormal, rounded morphology.
The lethality precluded analysis of the reduction in tran-
script and protein levels established in other cases of gene
silencing [16], but the effect of γ-tubulin gene inactiva-
tion could easily be appreciated cytologically by observa-
tion of the basal body pattern and of the organization of
the oral apparatus, the biogenesis of which at each divi-
sion involves several rounds of basal body duplication. 
Figure 1 and Table 1 present data from six independent
microinjection experiments using the γ-PT1 sequence.
The dual syndrome — growth arrest and reduced size —
was observed in 186 clones derived from a total of 197
injected cells. The transformed clones were either moni-
tored in vivo to confirm growth arrest and eventual death
or were fixed within 24 hours of growth arrest and
immunostained with an anti-α-tubulin antibody to visual-
ize basal bodies. Defects were readily spotted because the
normal cortical pattern is precisely mapped [14], as is the
organization of the oral apparatus. Figure 1 compares an
non-injected control cell with a typical transformed cell,
displaying a reduced size, a smaller and disorganized oral
apparatus and an absence of post-oral fibers; more subtle
defects concern the total or partial lack of doublets — cor-
tical units with two basal bodies — normally present in
well-defined territories. Table 1 recapitulates the cytologi-
cal abnormalities recorded in the progeny of the trans-
formed cells. 120 out of 124 observed cells presented
reduced cell size and/or underdeveloped oral apparatus.
Cell size was measured on all favorable pictures of stained
cells (81 cells) and basal bodies were counted on magnified
pictures for 33 transformed cells along with 11 control cells
(Figure 2a). As in Figure 1, most of the transformed cells
totally lacked cortical units with two basal bodies, though
some cells retained cortical units with such doublets. In
transformed cells, the basal body number averaged half
that of control cells. Cell length correlates well with basal
body number and the 33 cells whose basal bodies were
counted displayed the same distribution of cell length as
the rest of the 81 photographed cells (Figure 2b).
Further microinjections were carried out for immunode-
tection of γ-tubulin in the transformed cells. Figure 3
shows a control cell and two transformed cells doubly
labelled with an anti-α-tubulin antibody (ID5) and with an
antibody raised against the carboxy-terminal part of Para-
mecium γ-tubulin, which decorates basal bodies, micronu-
clei and other microtubule organizing centres (C. Klotz et
al., personal communication). The anti-γ-tubulin fluores-
cence present in the control cell (Figure 3b) is practically
totally abolished in the transformed cells shown
(Figure 3d,f). As for the effects of microinjection on cell
size and basal body number (Figure 2), the level of extinc-
tion of γ-tubulin fluorescence was variable, ranging from
practically total extinction (as in Figure 3) in about 50% of
the stained cells, to nearly normal fluorescence in a few
individuals. Altogether, these observations indicate a 
significant depletion of γ-tubulin in the transformed cells.
In summary, we have shown here that microinjection of
the coding sequence of either γ-PT1 or γ-PT2 results in
depletion of γ-tubulin and specifically leads to a new phe-
notype: a block in basal body duplication and cell growth
arrest. The specificity of this effect is attested by compari-
son with other cases of gene inactivation in Paramecium
[16]: not only is a different phenotype observed in each
case, that specifically reflects the absence or reduced
amounts of the corresponding gene product, but the cyto-
logical analyses of these inactivations, which always
included basal body staining with ID5 ([16]; F.R., unpub-
lished observations), have never revealed any effect on
basal body pattern, cell size, cell shape or survival. It
seems reasonable, then, to conclude that the γ-tubulin
genes are essential genes in Paramecium as in other species
[2] and that γ-tubulin is necessary for basal body duplica-
tion, whereas it does not seem necessary for spindle pole
body duplication in Saccharomyces cerevisiae [18,19].
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Figure 1
Microinjection of the γ-tubulin coding
sequence affects basal body pattern. Samples
from the transformed clones were fixed 48 h
after the injection and immunolabelled with an
anti-α-tubulin antibody to visualize basal
bodies. (a) Ventral surface of a control cell.
(b) Ventral surface of a transformed cell. As
well as the reduction in cell length, note the
reduced size and abnormal morphology of the
oral apparatus (oa), the absence of post-oral
fibers (pof) and the total absence of double
basal body units, normally present at precise
locations on the cortex [25] and in particular
on both sides of the anterior suture (as), the
region shown in the magnifications. Bar, 5 µm.
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Table 1
Abnormalities in basal body pattern in the progeny of
microinjected cells.
Experiment Experiment Total
1–3 4–6
Number of clones 99 87 186
Number of cells observed 61 63 124
Basal body pattern:
Normal oral apparatus, 3 1 4
normal cortex
Normal oral apparatus, 12 22 34
abnormal cortex
Abnormal oral apparatus, 0 8 8
normal cortex
Abnormal oral apparatus, 46 32 78
abnormal cortex
Microinjections were carried out either on log phase (experiments 1–3)
or stationary phase (experiments 4–6) cells. Within each series, cells
from different clones were pooled, fixed and immunolabelled 48 h after
injection. The number of clones contributing to each pool of fixed cells is
indicated, as well as the number of stained cells that were eventually
analyzable. Smaller cells are more often lost during the manipulations, so
the proportion of the most abnormal cells is likely to be underestimated.
Consideration of the normal/abnormal organization of the oral apparatus
and of the cortex led us to classify the cells into four categories. Cortex
was recorded as abnormal on the basis of reduced cell size and/or of
the partial or total absence of cortical units with double basal bodies,
normally present in well-defined cortical territories [25]. Oral apparatus
was recorded as abnormal after reduction of its size and alteration of its
organization. Numbers indicate observed cells in each category for each
of the two series of injections.
As in other systems, γ-tubulin inactivation eventually
blocks cell division. The remarkable observation here is
that it is possible to detect an effect on basal bodies
before growth arrest. This is possible because, in Parame-
cium, basal body duplication and cell cycle can be uncou-
pled [20,21]. The result is also consistent with the
apparent kinetics of γ-tubulin inactivation, which
becomes effective over one cell cycle, the last one, and
essentially affects basal body duplication, a late event in
the division process. This function of γ-tubulin is pre-
sumably of general relevance for all centriolar structures.
Our observation raises the question of how γ-tubulin
intervenes in basal body and centriole duplication. It
could act simply by nucleating microtubule triplets, or by
contributing to the establishment of the nine-fold sym-
metry pattern of the structure, two functions not neces-
sarily exclusive in view of the recently proposed model
for centriole duplication [22].
Materials and methods
Molecular characterization of the Paramecium γ-tubulin genes
Two pairs of primers, designed from the most conserved regions of
known γ-tubulin sequences — the consensus MPREII/GGTSG and
DREADGS/VLDVMR — were used for PCR amplification of genomic
DNA. The resulting products of the expected sizes, corresponding
respectively to the first and second third of the putative Paramecium γ-
tubulin gene, used to probe Southern blots of genomic Paramecium
DNA, suggested the existence of two different genes. The cloning of
these PCR fragments, as well as those obtained by 5′ and 3′ RACE
PCR, confirmed the existence of two homologous γ-tubulin sequences.
Complete sequences of both were obtained from full-length genes
amplified by PCR from genomic DNA and subsequent cloning.
Microinjection of PCR products
Previous experiments allowed us to verify that the efficiency of gene
silencing obtained after microinjection of PCR-amplified genes was
equivalent to that obtained with plasmid-cloned genes [16]. PCR
amplifications were carried out on the respective cloned genes, using
the primers γATG (ATGCCTCGCGAAATCATCACACT) and γTGA
(TCACTGTTACTCTTCGATTCTCAT), resulting in amplification of both
genes precisely limited by their initiation and stop codons. After primer
removal, the DNA was concentrated and microinjected into the
macronucleus as previously described [16]. 
Immunocytochemistry
Immunolabeling was performed as previously described [14] using an
anti-α-tubulin antibody ID5 [23] and an anti-γ-tubulin rabbit antiserum pre-
pared against the carboxy-terminal part of the Paramecium γ-tubulin (C.
Klotz et al., personal communication). ID5 labels basal bodies, the post-
oral fibers, a massive microtubule bundle, and the proximal part of the
microtubular rootlets of the contractile vacuole systems [24]. The affinity-
purified anti-γ-tubulin antibodies used here prominently decorate the basal
bodies and the micronuclei (C. Klotz et al., personal communication).
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Figure 2
Microinjection of γ-tubulin coding sequence
affects basal body number and cell size.
When flattened between slide and coverslip, it
is possible to focus on either of the two faces
of immunodecorated cells such as those of
Figure 1, so that the whole complement of
their cortical basal bodies can be seen and
their total number counted on magnified
images of the two faces. Cell length was
measured on the same images. (a) The
number of cortical basal bodies and cell
length for 33 cells among the progeny of the
injected cells. Control 1, control cells in these
experiments; control 2, wild-type cell values
taken from previous work [14]. For the
injected cells: cells devoid of any double basal
body units are indicated by s; cells retaining
such units, despite other signs of inhibition of
basal body duplication, are indicated by s/d.
(b) The distribution of cell lengths among the
sample described in (a) is compared to that of
47 other photographed cells whose basal
body number was not counted.
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Figure 3
Microinjection of γ-tubulin coding sequence affects γ-tubulin contents.
Pools of ~ 30 injected cells mixed with the same number of non-
injected control cells were fixed and double-labelled with the
monoclonal anti-α-tubulin antibody ID5, revealed by anti-mouse
rhodamine B isothiocyanate, and an affinity-purified fraction of the rabbit
antiserum raised against Paramecium γ-tubulin, revealed by anti-rabbit
fluorescein isothiocyanate. Cells were photographed successively
under the red and green channel to detect the anti-α-tubulin (a,c,e) and
the anti-γ-tubulin (b,d,f), respectively, with identical exposure times for
controls and injected cells and the pictures processed under exactly the
same conditions. (a) α-Tubulin and (b) γ-tubulin labelling in a control
cell, viewed from its dorsal surface. In (a), the dorsal pattern of basal
bodies is apparent; the strong fluorescence of the oral apparatus (oa)
and post-oral fibers (pof), which are ventral organelles (well defined in
Figure 1), here appears more diffuse; in contrast, the microtubules
associated with the pores of the contractile vacuoles (cvs), which are
dorsal structures, are visible. Basal body fluorescence is weaker than
that seen in Figure 1 because ID5 was used here at a ten times lower
concentration, to decrease the fluorescence passing through the red
channel. In (b), the anti-γ-tubulin decoration exactly follows the basal
body pattern; in addition, strong fluorescence of the two micronuclei is
observed. (c–f) Two injected cells. In (c,e), the anti-α-tubulin decoration
reveals the same defects in the basal body pattern and organization and
size of the oral apparatus as detailed in Figure 1. In (d,f), practically no
fluorescence is detected. Bar, 10 µm. 
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